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Abstract 
The uncontrolled sprawling of energy plants by renewable sources has conducted, together with important energy benefits, also 
relevant negative effects for the environment, such as (i) huge land occupation with low energy density per surface unit and (ii) 
problems on the social acceptance of the renewable plants. Significant discomfort has been created by distributed and remote 
energy generation and the non continuous production by non-programmable sources such as wind and Sun, that exposes the 
energy grid to frequent shocks breaking the energy demand/response. 
The solution represented by integrated energy technologies within the building structure with vertical extension, converted to an 
integrated system for renewable energy production, storage and supply, is dealt with in this work. This intelligent building, 
provided with electric and thermal storage systems, is combined with meteorological stations for weather forecasting and final 
users' energy consumption monitoring to program the energy strategy on production, storage and distribution. 
The University of Perugia, is responsible for a research project called TIAR, the Italian acronym for Environmental Hydraulics 
Rural Tower, supported by Italian Ministry of Forestry and Agriculture in which the multi-energy system is modelled within the 
structure of a rural tower, which architecture is retrofitted by the same TIAR project intervention. The multidisciplinary research 
team provides the integrated assessment of the modelling and of the optimization of the architectural, energy, hydraulics, 
geotechnical, structural systems and bio-agronomic investigation on useful plant species for biomass exploitation. 
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The case study consists of a sort of agriturism located near to Perugia, Italy, where the installation of renewable energy sources in 
the form of solar, geothermal through micro-energy piles, and hydroelectric through a tank suspended inside the tower, will be 
carried out. The prototype, in the perspective of this multidisciplinary project, is retrofitted and re-evaluated from an 
architectonical and structural point of view, given that the dove tower represents a typical rural construction in central Italy 
agricultural territory. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ATI NAZIONALE. 
Keywords: Renewable sources integration, Photovoltaics, Hydropower, Biomass, Energy piles. 
Nomenclature 
V1 volume of the tank [m3]; subscript 1 suspended tank, subscript 2 bottom tank, subscript 3 ground level tank 
H1 height [m]; subscript 1 between V1 and V3, subscript 2 between V3 and V2 
H hydraulic head [m] 
t emptying time [s] 
Ș turbine efficiency [-] 
g constant of gravity [m/s2] 
P electrical power [kW] 
1. Introduction 
A research project on Renewable sources integration named TIAR, Italian acronym for Rural Hydraulic 
Architectural Tower for energy, supported by the Italian Ministry of Agriculture, has been recently launched by a 
multidisciplinary research team composed by researchers from many Departments of the University of Perugia: 
CRB - Biomass Research Centre; DICA - Department of Civil and Environmental Engineering; DBA - Department 
of Applied Biology. At this moment, the state of the art evaluations have been concluded and the preliminary 
quantitative analysis of the integrated technologies is beginning: this work wants to show the first results. 
The TIAR project aims at the design and development of digital models for the rehabilitation of historical towers 
of little building centers in central Italy which currently need structural and architectural consolidation and that can 
furthermore play a key role in the production, storage and supply of electric and thermal energy in the service of 
appliances for surrounding buildings. The tower becomes an innovative system for the optimization of renewable 
energy management and constitutes an effective strategy that can be combined with other technologies developed by 
the research team in the field of residential building energy [1-3]. The architectural and structural restoration of the 
tower and the relevant historic buildings, creates the opportunity to design and model a little scaled integrated ICT, 
able to meet energy supply and demand; a flexible system, efficient and replicable in other building contexts such as 
the industrial, commercial and residential areas.  
The boom of renewable energy in recent years, has enabled the development and dissemination of technologies 
aimed at a low-carbon. Fossil free strategy, has highlighted issues that have gradually increased, reaching to limit 
the development of renewable energy themselves. The first problem on renewable is connected to the territory 
occupation and land consuming [4]. In Italy 13,000 hectares of lands, in the last 15 years, were occupied for PV 
installations [5] and there are dedicated crops for biogas plant feeding, for example a 250 kW powered plants needs 
90 ha for maize silage biomass production [6]; this causes a low energy density produced per area of the occupied 
territory [7]. An issue very much felt in Italy, where the authorization for the of Renewable energy plants is subject 
to  compatibility with landscape evaluation, is the social acceptability of Renewable energy plants [8]. The 
authorization procedure is often interrupted due to popular committees who oppose the construction of biogas 
plants, complaining about the increase in traffic, noise and pollution etc.  
The most significant problem is related to the characteristic of some renewable energy sources, i.e. wind and solar, 
which are non-programmable, causing imbalances in the electricity grid [9-10]. Electrical production can vary as a 
function of environmental factors, climate and weather, changing quickly in time [11-12] and making production not 
compatible with the demand for energy users.  
© 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of ATI NAZIONALE
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2. Rural towers for doves 
2.1. Old and new function of the tower 
The rural tower is designed to fulfill multiple functions: the primary one, shown by the morphology of the towers 
aged 1300-1400, has battlements and walls of considerable width, for a defensive function. Starting from the 
seventeenth century, it has spread to build a room for doves at the top of the tower, whose role is to provide 
accommodation to doves (Figure 1): meat production, fertilizer and to keep away the snakes [13-14].  
The tower becomes an integral element of the farmhouse and it is easily recognizable by the presence of 
architectural elements: eyes, perches, shelves and rosettes, which are both functional and decorative elements, made 
of stone, or more sophisticated, using bricks (Figure 2). The processing of these elements is an identification of the 
place and traditions of manufacturing activity typical of that area and are sometimes integrated with cave paintings. 
Today the tower dovecote has lost its original role, but in the future, the structural recovery, which in most cases 
is necessary, can contribute to rehabilitation, with a new function. 
 
 
 
 
 
 
 
 
 
Fig. 1. A Rural tower for doves.                                                        Fig. 2. Particulars of a dove tower. 
In fact, in an energy system of the future, structured in Smart Grid with omnidirectional energy fluxes, unlike the 
current energy system bidirectional from the generation facility to the consumer, the network nodes are the points 
where the regulation and the energy storage can take place. The towers can coincide with the nodes of the energy 
grid (electrical, thermal and natural gas), as well as to solve the problem of producing heat and electricity in 
insulated areas, small villages and small settlements building, which are not connected to the energy infrastructure. 
Tower can be a system for intelligent energy storage and supply should be developed and applied to the National 
electric grid to optimize the production from Renewable and to reduce the fossil energy production. 
3. The TIAR model applied to the tower 
The project TIAR has as its main objective to create a digital model to investigate and design the rehabilitation of 
old building structures, e.g. vertical extended ones, to convert them to an integrated system for Renewable energy 
management: production, storage and supply. The digital prototype will be adapted and experimented in a real case 
study in Umbria, to simulate different scenarios to understand the responsiveness of an integrated energy system, in 
function of the neighboring district thermal load and weather conditions. 
3.1. Non programmability of Renewable sources 
To understand the impact of non-programmable sources on overall energy production, an analysis of photovoltaic 
and wind power installed in Italy in recent years was performed (Fig. 3). The increasing of PV installed power is 
about 21,8% in the last two years; 13% for wind systems [5].  
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Fig. 3. PV and wind power installation in the last 10 years. 
The potential growth for photovoltaic plants is still large: of the 25,000 km2 of marginal abandoned land, of 
which 10,000 km2 could be used to install solar PV; in addition, industrial roofing hypothetically are 1,700 km2 [15]. 
Analyses carried out by Terna, the grid operator, show the energy produced by electric generators that is mainly 
powered by fossil fuels, then the reliability of the energy produced is deemed to be equal to 99%: which is the 
probability of 1% that the power plants, while regulated and planned, fail to cover peak electricity demand by using 
its availability of 53,000 MW [16]. 
The peak demand are therefore covered by turbomachines that, working in transition time, do not come to high 
yields. The potential energy consists of the photovoltaic and wind power, already installed or under development, is 
subjected to sudden and significant imbalances, which involve considerable costs, such as those for "system 
charges", to keep lit the turbomachines for energy peaks. 
A capacity factor is considered experimental and is equal to 1,200 hours for the photovoltaic and 1,700 for wind 
power, so if you compare the total number of hours in a year, the capacity of PV is 14%, and 19% in the case wind 
power. The uncertainty of production is not linked to the reliability of technology systems, but the presence of the 
primary source, for which the systems installed in parallel, do not reduce the problem. 
A modernization of the network, in a logic of smart grid, does not solve the problem of intermittency of 
electricity production, the only solution is the introduction of storage systems that allow to break the excess 
production and use to cover lacks, consistently with the energy requirements of the final user. 
3.2. The continuous electrical production 
The diagram in the figure below (Figure 4) overlaps photovoltaic production, assuming that the maximum 
irradiation, compared with the need of electric utilities, valued only as peak power. It can be shown that using the 
electrochemical accumulators, such as high performance lithium-ion battery, the problem of the continuity of 
electrical supply can be solved, increasing the efficiency of the system [10-11, 17-18]. 
The basic hypothesis, for which the diagram is processed PV production, is that the production is, in the short 
term, steady. Instead the PV production has a pattern which highlights very thin gaps: the sudden lacks of production 
are caused by the adverse environmental conditions with limited duration to narrow time intervals as shown in 
Figure 5. Therefore, the problem of the energy is also present with smaller temporal cadences. To make PV system 
fully reliable and to limit as much as possible the cycles of charge and discharge of the electrochemical battery to 
extend its life, we use different systems to storage instantly energy: by gravitational systems. 
The idea is to use a small hydroelectric plant, integrated within the tower, as a system of energy accumulation: the 
tower is suitable, for its prismatic shape developed upwards, to accommodate a water reservoir at high altitude for 
the hydropower production.  
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The presence of other tanks or a lake at the bottom ensures the water collection after turbines and the storage of 
rainwater canalized from roofs and draining down by the terrain. Water recovered can be used for all the activities in 
which non-potable water is required: irrigation, domestic use in toilet. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. PV electric production and consumption at peak power.                                     Fig. 5. Lacks on PV hourly production. 
The tower is also equipped with a weather station able to predict sunshine and cloud cover conditions, as well as 
monitor the continuous production of electrical energy and the historical record of the absorption of thermal and 
electrical source by the building. A PLC system installed, used to manage the system, operating various devices to 
produce energy from renewable to ensure the continuity of production and combine supply and demand of energy. 
The Biomass Research Centre has already developed control and monitoring systems for the management of 
experimental fields [19] and for innovative biogas small plants fully automated and able to communicate with the 
power energy grid [20]. 
All the lacks produced by suddenly cloudy weather conditions can be instantly covered by water release from the 
upper tank for hydropower production. Conversely, in the case of the photovoltaic peaks, not used by the users, the 
surplus production can be used to pump water from the tank base to that at higher altitude, making available a new 
hydroelectric resource. This principle is used in hydroelectric plants in the basin where, at night, you run reverse 
cycle turbines, pumping water to the basin to be able to recharge. These conditions are guaranteed by the low energy 
consumption that occurs during the night hours, which ensures the availability of a large amount of energy. This 
scheme can be replied in a middle scale, using all the standpipes and tanks commonly present in urban areas.  
The electric production can be also ensured by several technologies installed on the tower: photovoltaics on the 
head and if possible, over the main body of the tower and hydropower, then a biomass plant.  
The management PLC system can regulate the energy production combining the three different sources such as 
PV, hydropower and Biomass by CHP, in function of weather and energy demand, in order to optimize the 
production and reducing management cost, for example biomass loading for burning at the service of the plant. For 
example the hydropower production is programmed with different cycles to cover all the lacks and to reduce the 
biomass plant working. The aim of the project is to model a software for the management and integration of the 
plants to make a fossil free plant, saving money and reducing emissions. 
3.3. Gravity storage for hydropower 
Despite the traditional and systematic exploitation of water resources for hydropower, the potential of the mini 
and micro hydroelectric plants appears still interesting and promising for the achievement of important objectives in 
terms of energy, economy and environment [21] also if combined with other technologies or infrastructures. 
The application of hydropower for energy storage, in which the proposed prototype is based on, has a potential 
energy power between 1 and 5 kW, and in this range, below the threshold of 5 kW, it can be classified as a pico-
hydro [22] and it is very useful to solve energy supplying for little, insulated communities or for system based on 
stand alone production/supply, fed by a small amount of electric energy [23-24].  
The hydroelectric supply can be used to cover all the energy lacks that the photovoltaic production cannot satisfy. 
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The basic structure of hydraulic plant is composed by three tanks at different heights (Figure 7): 
x a suspended tank hung inside the body of the rural tower with volume V1; 
x a bottom tank, volume V2, located in the lowest possible point; 
x a tank at ground level, volume V3, for thermal optimization and dissipation and water recovery for domestic uses. 
The suspended tank is hung inside the body of the rural tower, using the internal pillars of steel, cable-stayed, and 
based on micropiles; considering the dimensions of typical dove towers, the tank has a volume variable between 40 
and 60 m3 and the height H1 is set between 5 and 15 m. The bottom tank is made from a well or from a underground 
tank, or a small lake. The intermediate basin keeping meteoric water makes compensation between tank V1 and V2. 
 The idea is to use the water storage in two regimes achieving electric energy by a hydraulic turbine for a 3 hour 
cycle: in the first hour the system will use the falling water from V1 at total height H, defined as in the following: 
 
 H = H1 + H2                                                                                       (1) 
 
In the other two hours, a volume V2 is moved from the ground level tank to turbines below located, so: 
 
 H = H2                                                                                         (2) 
 
Given the emptying time t of tank, the installed electric power is calculated once known the volume V and the 
global efficiency Ș (=0.7) [25] as: 
P g
t
V
H  K                                                                                    (3) 
3.4. Structural features 
In recent times, low-enthalpy geothermal systems using Ground Source Heat Pumps (GSHP) have emerged as a 
renewable, efficient and sustainable alternative to traditional heating/cooling HVAC systems in civil and industrial 
buildings [26]. In conventional applications, geothermal HVAC based on closed-loop GSHP systems typically can 
exchange heat with the soil mass using buried special plastic pipes, connected to the heat pump to form a sealed 
continuous loop through which an heat exchanger fluid is circulated. In the vertical arrangement of the pipes - more 
suitable in most circumstances due to the smaller oscillations of ground temperatures which increase system 
efficiency and whenever space restrictions occur, as in highly urbanized areas - the piping is inserted in ad-hoc 
drilled boreholes, about 150 mm in diameter, reaching depths as far as 100 m, depending on soil conditions and 
system requirements. 
More recently, particular attention has been devoted to the possibility of using deep foundation elements, such as 
driven or bored reinforced concrete piles, to host the pipes for the circulation of the heat exchanger fluid [27]. Such 
specially equipped piles - known in the literature as energy piles - are economically advantageous as the installation 
cost for newly built structures can be substantially reduced by avoiding additional drilling. However, for existing 
structures that need to be consolidated at the foundation level, an efficient solution is represented by the installation 
of micro-piles, able to play the combined function of structural element and heat exchanger. Energy modeling will 
be completed with the analysis of two basic aspects: the mechanical effects induced on the soil/foundation/structure 
system induced by the (transient) temperature changes associated with the regular operation of the thermal piping; 
[28] and the influence due to the presence of many energy piles placed at relatively small distances [29].  
The elevated tank aimed to the mechanical energy storage constitutes a crucial aspect in the design of the 
structural elements of the tower, due to the presence of a significant amount of water mass at the top. However it is 
well known that the sloshing motion of the water inside a tank is able to absorb structural vibrations induced by 
ambient actions, such as earthquake. During the last decades several models have been proposed in literature, among 
them the equivalent Tuned Mass Damper models [30-31] represent a good compromise between the quickness of the 
implementation in the structural mechanics numerical codes and the accuracy of the results’ prediction. 
In this context a series of experimental tests on a SDoF structural frame equipped with a tank with several levels 
of the inner water and excited with an harmonic ground motion has been started. The first experimental results are in 
a good agreement with those obtained by numerical models. Moreover a very promising mathematical model using 
Lattice Boltzmann Method [32] to simulate fluid motion and its interaction with structures has been built up. 
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4. The case study 
The case study is an old tower reconverted as furnace located in a building complex in Perugia (Figure 6) surveyed 
in the Gregorian maps of the end of the nineteenth century.  
The tower, built using the traditional brick, is adjacent to a country house building. It is classical monolithic form 
(the dimensions are: 3.7 x 6 x 11 m) with small size openings in the highest part, just below the projection of the 
eaves; a nearby natural lake is the receptor bottom tank (Figure 8).  
 
 
       Fig. 6. Building complex in S. Enea.                          Fig. 7. The system of tanks.                     Fig. 8. Biomass and lake as resources. 
4.1. The PV-hydro plant 
The PV installation depends on the exposition of the site that can be calculated with integrated models considering 
altitude, longitude and latitude. It will be possible to install 73 panels, occupying 120 m2 and 16 kW powered [33]. 
At this moment, because the incentive is stalled, all the energy is used for internal consumption.  
PV functioning is integrated with hydropower plant: a 50 m3 tank is installed inside the body of the tower, flowing 
5-10 lt/s. Two machines in series connected, 5 kW each, are installed using the potential energy consisting of a 31 m 
height difference between the tower and the lake. By adjusting the flow rate it is possible to regulate the amount of 
producible electricity, which covers PV lacks during the day and, reloading or taking advantage of the partial gap 
between them, a partial of the required needs during night. 
4.2. Thermal and cooling plant   
To provide air conditioning in summer and winter, and the production of domestic hot water, it was necessary to 
know the thermal design of the building [34]. The structural retrofit allowed for intervening in the horizontal and 
vertical cladding, in order to achieve an energy efficiency of the building, in accordance with the architectural 
features of historical importance (internal vaults and domes). Among the choices made, the installation of an outer 
coat in white painted EPS was carried out. Regarding the shell it was thought to a wooden roof restoring the bearing 
elements and the brick tiles, made more performing with the introduction of thermal insulation in EPS and from the 
ventilation system by providing a double battens. The slab in contact with the ground will be dismantled in order to 
enter a crawl space with igloo and isolated by polystyrene foam. Regarding the intermediate slab, to maintain the 
minimum heights of habitability, it is simply added a thermal insulation subflooring for radiant floor heating. The 
project involved the complete replacement of old windows with the installation of windows more efficient in terms 
of thermal and acoustic performance, with double glass with argon gas interposed (6-12-6 mm). The frames will be 
thermal break aluminum-wood tender and they will be provided for shielding systems as shutter.  
The energy improvements have brought the building from an initial energy class G to an energy class B. The 
choices you make greatly reduce the thermal loads in winter conditions (stationary) bringing the design heat load 
from about 41 kW to about 17 kW, enabling considerable savings in purchase of the boiler and system. Considering 
security in favor of a 1.25 coefficient in the size of the boiler it can be argued that the entire structure could be 
served (for heating and DHW) by a boiler of 22 kW, only for the building surrounding the tower. More heat is used 
for the other utilities such as swimming pool.  
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In the certification phase of the building complex a biomass boiler with yields of about 95% has been considered 
as input. Since the energy class is strongly linked to the type of boiler that can be seen easily by placing generators 
and higher performance and innovative distribution systems with high returns can be easily reached an energy A 
class. A dynamic analysis will be carried on and integrated to the PLC system to record the thermal consumption.   
The CO2 saving is estimated on 20 t/year. 
The presence of micro-piles for the restoring of the tower and integrated with the geothermal piping, makes 
appropriate use of systems that interact with the ground. Geotechnical tests will be carried out to know the 
mechanical and thermal properties of the soil.   
The air conditioning system can be structured according to 2 models: a geothermal heat pump or a biomass plant. 
The geothermal heat pump is certainly an excellent energy production system that can be powered by solar panels, 
and it is performing in areas with high surface humanise exposed so powerful and with saturated soils or high 
thermal conductibility. Given the high availability of biomass in the area, the second type of system is chosen. 
Therefore the economic viability of the entire project is given by electrical energy selling produced by the biomass 
gasification system, connected to a CHP engine. Details of the plant and machinery are shown in Figure 9. The 
machine is made up by a drier for wood chips, loading system and gasification unit, combustion of the syngas in 
CHP unit and distribution of the heat to the final users. In turn, the distribution system is equipped with absorption 
fridge machine for cool production.  
Micro-piles and the underground tank on which the piles are immersed, allows the dissipation of thermal energy 
whenever it wishes to continue the production of electricity for incentive, but there is no need of heat by users. 
Therefore, to prevent overheating of the machine, it is possible to download heat through a dissipation system 
consisting of 12 geothermal piles 40 mlong, and a 63 m3 underground tank. The exceeding heat can be disposed with 
a thermal gradient in the up to 50°C for more than 48 consecutive hours. 
 
 
Fig. 9. Diagram of HVAC. 
5. Economics 
The return on investment is guaranteed by incentive on renewable sold electric energy produced by biomass, 
injected into the national electric grid. Energy produced by photovoltaics is not subsidized because, at present, 
economic resources from PV have been exhausted. With regard to hydropower, the production is small and it is 
dedicated only to cover the lacks of the electric production, to ensure the continuity of electrical production. 
5.1. Revenues 
With regard to the amount of electricity produced from renewable, the legislation on the incentive [34] expected 
to pay only the energy fed into the grid, net of internal consumption on the auxiliaries of the systems, which are 
measured in 17% of the total production. This injection covers an annual operating for about 7,000 hours, 
considering the downtime required for routine maintenance, which are to replace the production of ash drawer. The 
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incentive fee, according to the recent legislation, is evaluated taking into account the range of power that remains 
below the threshold of 300 kW and depends on the type of biomass that is used to feed the plant. In our case, we 
refer to Table 1-A of the decree [34] that identifies the incoming biomass as a by-product obtained from processing 
forest products and residues from pruning and private green. Considering these characteristics of the system, the 
incentive is 0.257 €/electric kWh, which allows annual revenues of more than € 73,000. 
5.2. Fixed and management costs 
Costs are divided into fixed costs and management costs. Fixed cost for the installation of the system is of 
300,000 € and includes: all the civil works (included a storage wood chip tank, 6 x 6 x3 m), the pre-treatment system 
for biomass by dryer which is necessary for continuous operation of the gasifier, also the CHP system with 
automation and control of emissions.  
The building object of study, is located in a farm supplied with approximately 45 hectares of vineyards and about 
30 hectares of olive groves, 2 of which in first growth phase (4 years) [36-37]. Another contribution is provided by 
the wood of the wide forests surrounding the hills. The residues of pruning currently are not a source of income for 
the company but they are really a production cost. Nowadays, the disposal of such waste is operated through two 
solutions: the first considers a phase along the rows followed by burial, while the second contemplates the branches 
pick up with consequent burning on the sides of the rows. From the pruning techniques in the vineyards a biomass 
production on average 1.5-2.5 tons/hectare/year (water content 50%) and an average production of dry matter of 1.2 
tons/hectare/year is estimated. The variability in the production of residues obtained from the pruning techniques is 
related to multiple factors, including in particular the method of breeding, vine variety, the location and arrangement 
of the culture. Therefore it is possible to estimate 170 t/year produced by the company and chipped by a 
subcontractor three times per years (after drying of three different biomass); the remaining 120 t/year is bought [38].  
Assuming that exceeding personnel is not required because the company already is collecting the biomass using 
the means available, the fixed and variable expenses are covered by revenues and the payback period is 7.5 years, 
compared to a 20-years incentive. 
6. Conclusions 
The design of an integrated energy rural tower, in a logic of high efficiency Smart Grid is, in its small scale, an 
example of the highly integrated power grid, characterized by an high energy density per square meter of footprint 
land. The possibility of identifying an energy function for the vertical structures in rural areas with a particular 
historical and landscape value, represents an opportunity for their recover and to attract funding and tourists.   
In the territory of the region Umbria, it can be estimated that there are more than two hundreds [11] of similar 
structures in a state of partial or total  destruction that could be recovered thanks to the role of energy producing and 
storing. This work shows the opportunity to develop a digital intelligent mode for the energy conversion and 
production for rural areas, solving the problem of energy supply.  
The economic impact in terms of enhancing the building, business start-ups and accommodation of new jobs are 
therefore conjugated into a generation and integration logic of renewable energy and low-carbon fossil free type, to 
which the strategic objectives Europe want us to go [39]. 
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